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Abstract

17ith respect to the problem of instablility of liquid
hydrocyanic acid during storage, and the breakage of containers
due to polymerization and the rapid progress of polymerization,
clarification of the causes, inhibition of polymerization,
and prediction of danger, we proceeded in our investigation
by sealing hydrocyanic acid with stabllizing agents and other
related wmatter in + swall glass aupules, wmaintaining then
at 60°C and then observing any changes in the contents.

The results showed that first among unstabilizing
reactions was hydrolysis due to moisture contained in the
ampules, followed by the reaction forming the blackish-
brown polymer initially at the container walls in contact

with the gaseous phase(reaction promoted by oxidizing agents),



and the‘sécondary de-ammoniation condensation of the polyumers
releasing ammonia gas(#2)., It was found that acids with pKa
less than 3 were generally effective as stabilizing agents,
particularly sulfuric acid and acids with reducing properties,
and also oxyiiacids which were very effective. Two or three
reducing type substances used in conjunction with the acids
was found to enhance the effectiveness, and that oxidant
substances were actually harmful. Furtherumore if was found
that the progress of the de-ammoniation condensation and the
accumulation of polymerization heat due to the insulating
effect of the polymers were directly responsible for container
breakage. Based on these results, safety umeasures for the

storage of liquid hydrocyanic acid were studied.

1. Introduction

Hydroecyanic acid as a liquified gas tends to poly-
wmerize during storage, changing from yellow to a redish-
orange color, and eventually precipitating a blackish-
brown polymer, with the polymerizing proceeding so vigorously
sometimes as to destroy the container. There have already
been a number of studies pertaining to these characteristics
of hydrocyanic acid perforumed from a number of different

viewpoints(1)-(4), such as investigation of the unstabilization



(degredation) with long storage or heating, the accelerated
progression of the polymerization reaction, the sudden rise
of temperature and pressure within containers, and also the
relation of moisture and other iumpurities to the former, but
no conclusions have been obtained sofar concerning the mechanism
of unstabilization and the accelerated progression of the
polymerization. It has been long known that acidic substances
and copper powder are effective as stabilizers and they have
been widely used in practice. Although Aoyama's(5) broad
investigation over a long period of time, particularly on
relative effects, hascclarified wany points, there are still
wany unresolved problems such as concerning acid strength,
dosage, combined usage with reducing agents, and relation

to the stabilizing effect.

On the assumption that this polymerization reaction 1is
similar to the reaction forming a blackish-brown substance
(azurmic acid) when an alkali is added to hydrocyanic acid,
the authors investigated(6) (#2) the mechanism of the alkaline
polymerization of hydrocyanic acid, and the structure and the
properties of the polymer products. In the present report will
be presented an analysis of the various.: mentioned problems
associated with unstabilization and polymerization resulting
in container breakage, and the results of research performed

towdevelop stabilizing agents and standards of dosage.
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2. Experimental Method
2.1 Saumples

VIith respect to the hydrocyanic acid and the tetrauner,
pure products described in the previous report(#2) were used,
and in the case of the blackish-brown polymer, the intermediate
order polymer with mean order of polymerization of 40.7 which
was insoluble in ethanol but soluble in phenol was used.
Mostly coumexrycial EP grade products were used in the case of
- reagents, oxidants, reducing agents, formamide, and ammonium
formate, but in the case of hypophosphorous acid and phosphorous
acid, a calculated amount of concentrated sulfuric acid was
added to the sodium salts, the freed acid then extracted
with ethanol, and carefully concentrated in a platinum dish
to produce a crystal(no crystal but a very viscous fluid in the
case of the hypophosphorous acid), which was then considered
to be 100 percent free acid. In the case of sulfur dioxide,
commercial grade gas in a pressure container was used.

2.2 Awmpule Storage Test

This test was conducted with pyrex ampules of
about 2 wl capacity such as shown in Figure la, which were
initially immersed for 81'ﬁours in a chromic acid-sulfuric
acid bath at 100°C, then washed with pure water, air-dried,
first filled with stabilizer, other reagents and water,
finally filled with 1.0 ml of anhydrous hydrocyanic acid while
chilling, as much of the air replaced with nitrogen as possible,

and the awmpule then sealed at the end. A number of ampules
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prepared in this fashion were then placed in a constant
température air bath with double glass windows such as shown
in Figure 2, the internal temperature was:z wmaintained at
60:1°C for prolonged periods, and changes in the contents of
the ampules observed through the thick glass plate. The
results of observation were described by means of Aoyama's
methbd of color tone representation(5). In couwparing the
results of this experiwent with those performed by Aoyauna,
even though the same representation umight have been obtained,
there could be considerable difference in the progress of the
polymerization due to the difference in the contents of the
ampules. In order to measure the variation in temperature within
the ampules during polymerization, ampules such as shown in
Figure 1b with a thermocouple insert tube were prepared, and
the temperature variation at roughly the center of the ampule

was recorded with the differential thermocouple.
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Figure 1. Glass ampules for storage test.

Figures in the diagram indicate um.

a: For general use, b: For teumperature measurement.

Figure 2. View of storage test.



3. Experimental Besults

3.1 Outline of Storage Test

Storage tests can be roughly classified into

two categories, those in which the rapid rise in internal
temperature and pressure at high teuwperatures such as 100%- 259, %
183.5°%C(critical point) over a périod of hours to days is
recorded(1)(2)(3), and those in which the change in content
at a noruwal teumperature of about 50°C is observed over a long
period of months to years(2)(4)(8). Since we were interested
in the safety aspects of storage, we chose a teumperature of
606C, which is close to norumal temperature but which at the
'same time would produce results in a relatively short period
of time. Normally test containers were hard glass containers
of 100 to 200 wl capacity(2)(4), or swall iron pressure vessels
(1)(2)(3)(8), but glass ampules(*4) were used in the present
experiment to enable detalled observation of the contents.
Also in order to avoid danger, the charge of hydrocyanic acid
was limited to 1.0 wl(0.7 g). Since water is a coumon iwmpurity
to hydrocyanic acid, and since it has already been pointednk:
out that it is related to unstabilization(1)(2)(3), the
contents of the awpules were always prepared so as to contain

3 percent of water.



Although the apparent change in the contents of the
aupules would vary considerably in time with the differences
in stabilizers and other agents added to the ampules, generally
a definite progression of events was followed, a typical

progression being shown in Figure 3.
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Figure 3. Outline of progress in storage test.

a: case of inadequate moisture.

b: case of adequate moisture.

* Aoyama's color tone representation(0-H)(5).
Key: (1) Colorless, (2) Light yellow. (3) Yellow.
(4) Orange. (5) Brown. (6) Blackish-brown.,

(7) Drying ended. (8) Destruction completed.



In the diagram, I shows no apparent change, and this may
cover a period of days to months. II indicates a state at which
the liquid starts to show color, and usually at the éame tinme
or even before, there is always the forumation of a brownish
solid on the wall just above the fluid level. The change from
IT to III isrrelatively slow, but the change from III through
VII occurs at a rapidly accelerated pace. The change from
VI to VII' to VIII' is very prouinent with increasing amoﬁnt
of moisture, and a bulky precipitate forms not only at the
bottom and along the walls, but souetimes throughoubtethequid
liquid, at which time the awmpule sometimes breaks. With
respect to reproducibility of the experiments, it is relatively
good within~capbatech of ampules which were all charged at the
same time, but between different series, there 1s an error
of about 10 percent. For reference in interpreting the
experimental data to follow, the series of ampules chargéd
at the same tiwe in this test were Nos.1-6, 7=34, 35-62, and
63-79.

lhen the internal temperature measuring type ampule,
such as shown in Figure 1b, was charged withhydrocyanic acid
containing 3 percent moisture, and stored at 60°C, there
was a 19°C rise in temperature in the transition from

VI to VII, as can be seen in Figure 4.
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Figure 4. Rise in internal teumperature of ampule

due to polymerization. (H,0 3%)‘

a: Precipitate adheres. to intefnal wall(V, F).

b: Precipitate covers entire inner wall(VI, H).

c: Precipitate spreads throughout liquid(viIi*, H).

d: Dries out(coupletion). '

e: Internal teumperature of aumpule containing isopropyl
alcohol which was inserted in constant teuwperature bath
as a coupensating cell,

Key: (1) Ampule internal temperature.

(2) Storage tiume.

Altﬁough it was not feasible to check the contents of
the ampules in storage at every stage of the change, some spot
chetks were made. For example, an ampule which had dhanged
color to stage IV in Figure 3 was opened, the liquid phase

evaporated, and a trace of brownish viscous substance obtained.

- 10 =



Both the evaporated matter and the residue were tested by
paper chromatography(9) and the corrosive sublimate wethod(10) ~
for formlc.acid; with negative results. Next, the ampules (VIII),
in which the polymerization was coumpleted, were broken
open in a wvacuum, the gases thereby generated, when analyzed
by a previously reported method (#2), were found to consist
of a few ml of ammonia and a small amount of carbon monoxide.
The infra-red spectrum of the residual polymer was found to
be identical to that of the blackish-brown polymer produced
by the alkaline polymerization of hydrocyanic acid, and a
minute amount(0.1 to 100 ppm of residue) of forumic acid was
found in the ethanol extract of the residue.
3.2 Couparison of Stabilizers
3.2.1 Acids

Although a number of acids have already
been tested as stabilizers, we conducted storage tests héré@gﬂ
609¢ with some twenty readily available acids, which could
be roughly grouped into four series of acids, those currently
in use, those with continuously varying dissociation constants,
those acids with reducing properties, and those with hydroxyl
radicals. As can be seen from the results in Table 1 and
Figure 5, the stabilizing effect roughly conforms to the
dissociation constant in the case of weak acids, but as the
dissociation constant surpasses 10'3, the increase in

stabilizing effect is retarded somewhat, with the effect

- 11 -



even decreasing to some degree in the case of strong

aclds such as hydrochloric acid. On the other hand, even

among the strong acids, the stabilizing effect was particularly
strong in the case of sulfuric acid, but low in the case of
nitric acid. In contrast in the case of reduciné aclds,

with the‘exception of sulfur dioxide, the stabilizing:effect
was better than that of the normal acids with the same
dissociation constant, and in the case of hypophosphorous

aclid, which had the highest stabilizing capability, it had

an optiumum acidity of Ka=10"1 and also reducing ability.

The oxy- aclds such as tartaric acid and salfcylic acid were
also found to have stabilizing capability somewhat superior

to that of corresponding normal acids.
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Figure 5. Types of weak acids, and relation between

acidity and stabilizing effect.

(Ho0 3%, acid 0.07%, 60°C)

Figures in diagram correspond to test numbers in Table 1.
e: normal acid, o: reducing acids, t OXy-acids,

dkee—: no acid added.
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Table 1. Storage test results(Part 1)-Couparison of acids.

B ) OLILE B AACE) ST
No. Om w5t w oY)
PEM A® B Cc D B F G n Ef
;'l-r M - 01 03 07 1z 1
9 WM 26 23 234 236 47 248 250
2.148
13y v om { 7198 57 61 68 69 7
1175
I 37 40 A 47 8 49
16 wwiyvm 0.9 247 257 272 2w 30 322 325 329
7omy v f{El o ow e w9 o 101
18 mov m 94 017 04 3 4 5 6 7 8 10
19w B 3.752 8 40 47 49 61 65 69 70
0 vavmd L 23 21 29 233 2 28 M2 203 2m
L0 g it 4 7 1 16 20 30 37 39 51
b4l ow 4 0.05 025 033 1 3 3 4 10
DAz e Moo23 38 47 5183 &7 58 59
P43 w4756 0.2 1 2 3 4 5 10
| 45 nbﬁ””"” 5.032 0.1 0.2 0.33 1 2 2 10
| mkv LA f 1,943
L B {628 15 4 51 52 51 56 57 58
7 ~wvm| B 6 e 13
feK7 20§ 2.950
10 & {208 30 4 a1 52 5 56 59
pr=tw7
50 PERET o7 0.1 0.33 1 2 5
3.128
62 r=y m{ 4761 129 196 197 198 199 200
6.396
73 a7 ] 335 121 121 122
T yvsafe 2754 126 134 154 177 200 207 210 200 212
@bm BT YTNEL IWEY Bk T EATNCRIAT 0.07 wtgiRim, i B

60°C.
b) fHCZ EbHBAVvbouk 25T off, No.17 ¢ 18C, No. 77 11 30C. H
AL EL g, RS IR, AR (1966) p. 1054,
) TYFADALLONOHM, THhiog oOA-H
) AR, o (LI Stk

Key: (1) Type of acid.[Nos.ébrreEﬁBﬁd"ﬁo those in table. ]

9-Sulfuric acid
13-Phosphoric acid
15-Sulfur dioxide
16-Hypophosphorous acid
17-Phosphorous acid
18-Arsenous acid
19-Formic acid
20-0Oxalic acid
40-Hydrochloric acid
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(2)
(3)
(4)
(5)
(6)

41-Nitric acid
L2_-Arsenic acid
43-Acetic acid
45.Trimethyl acetate
46-Anhydrous wmaleic acid
47-Maionic acid
49-Anhydrous phthalic acid
50-p-nitrophenol
62-Citric acid

73~ X~tartaric acid
77=-Salicylic acid
Acidity constant.

Time lapsed.

Comparison.

Polymerization coupleted.

Footnotes: (a) Each ampule contains hydrocyanic

acid containing 3 wt% of water, with 0.07 wt% of
acid added, storage temperature 6C°C.

(b)25°C unless otherwise noted. No.17 is 18°C, No.77

is 30°C, Reference is Kagaku Binran Kisohén IT

(Chemistry Handbook, Fundamentals-Vol.2), Maruzen,

1966, p.1054.

(c) Apparent color tone of ampule, following
Aoyama's($5) representation, A-H.

(d) vihen blackish-brown polymer is dry and the liquid

phase is absent.
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Next in Figure 6 is shown the relation between acid
dosage, the coumonly used sulfuric and phosphoric acids
being chosen in this case, and the days required for the

coupletion of polymerization at 60°C.

400 -
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Figure 6. Relation between acid dosage and stability.
(H,0 3%, 60°C)

®: Phosphoric acid, o: Sulfuric acid.

Key: (1) Time for coumpletion of polymerization.

(2) Acid dosage.

It is seen that there is a linear relationship between
acid dosage and the time required for couwplete polymerization
in the case of the phosphoric acid, but that in the case of the

sulfuric acid, a higher dosage does not necessarilly yield a
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proportionate increase in effectiveness as a stabilizer.
It is seen that the intersection of these curves with the
ordinate axis is in the viecinity of 60 to 80 days, which
corresponds roughly to the time it takes hydrocyanic acid,
cmmaﬁﬁng 3 percent moisture, to polymerize completely.
In cowparison, the swall value of three days given for the
comparison test(no additive) in Table 1 is probably due to
some alkali dissolving out from the seal section of the
ampule and accelerating the polymerization reaction.
3.2.2 Influencé. of 0xidizing.and:Reducing Agents

on the Stabilizing Effect of Acids

Concentrating on the fact that acids with
redicing properties have a superior stabilizing effect,
several substances with oxidizing or reducing characteristics
were chosen for testing, with 0.5 wt#% of these substances
being added to the hydrocyanic acid which had already been
stabiiized with 0.07 wt% of phosphoric acid. These samples
were subjected to the storage test, and the combined effect
of the additive and the acid were studied,

According to Table 2, benzoyl peroxide, which is
known to be one of the active agents for starting
polymerization by radical polymerization, Supresses the
stabilizing effect, but X, {'.azobisisobutylonitrile, which

is known to have softer action, hatdly has any effect.
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Table 2, Storage test(Part 1)- Effect of oxiding and reducing

agents.,
— o )

P A R M E e (day)

ON i D B4 9 aay

l No. vr@#&l"’ @

i A B C D E F G n ;T{f}

| —_ 57 61 68 09 I

TR T3 P T 5 7 10 12 27 B’ 3

; ,a'-7 S A ;

S AN S S TR R 64
B pmyy sy 61 63 64 65
M e Fe&Esy 77 8 8 9 o1 43
R 4+ v ¥ B8 U5 17 19 120 121 129
N AraraFer 61 6 65 ¢ 76 81

S5 AT F 45 51 53 73 79 84 g 89

VB RvXraser 3 M B8 & 73 112 1% 128

;@a) K BOWLH, Vv 0.07 wiy, §0C.

b)Y 05wty k. ) o

Key: (1) Additive[keyed to Nos. in table,]

13cesesssses
34-Benzoyl peroxide
S5haol, ol'-azobisisobutylonitrile
33-p=-benzoquinone
29-hydrogquinone
32-sulfur powder
30-formaldenyde
52-paraldehyde
53-benzealdehyde

(2) Time lapsed.

(3) Completion of polymerization.

(4) Footnotes: (a) Vater 3.0 wt%, phosphoric acid 0.07 wt¥,
60°c.
(b) 0.5 wt% added.
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On the other hand, Kydroquinone, which belongs to a group of
relatively powerful suppressors, and sulfur powder(which effect
was discovered by Onoda)(4) both enhance the stabilizing
effect of the phosphoric acid. Among others, the aldehydes
séem to have some multiplying effect in conjunction with the
phosphoric acid, the benzaldehyde having the clearest effect.
These reducing substances also tend to extend the time of
coumplete polymerization measured from the time coloration
is first observed.
3.2.3 ‘Heavy Metal Powder

In Table 3 are shown the results of testing
in which 1 wt% of four different heavy metal powders were
added to th; hydrocyanic acid containing 3 wt% of woisture.
The fact that iron and tin powder have no stabilizing effect,
but that copper and ginc powder are effective agrees with the
experimental results obtained by Aoyawa(5) and Hatano et al(1l).

Table 3. Storage ﬁest(Part 3)-Effect of heavy metals.

@i‘é B & L (day)

No. ﬁzﬂ&ﬁ)@ i
A B ¢ D E ¥ G H ;r*ij

21 8 121 128130 131

22 A 40 41 42 43

23 S 0.25 1 4 5 5 6 7 8 10
@24 A % 0.2 04 3 3 4 4 5 5 10
a) K 3.0wty, ki 1.0wty, 60C

Key: (1) Heavy metal powder[Nos.correspond to those in table.]

21~Copper
22-Zinc
23-Iron
24-Tin
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(2) Time lapsed.
(3) Completion of polymerization.
(4) Footnotes: (a) Water 3.0 wt%, metal powder 1.0 wt3,

60°¢.

3.2.4 Heavy Metal Salts

In Table 4 are shown the results of adding four
different heavy metal chlorides at the rate of 0.2 wt®. As
already pointed out by Aoyawa(5) and Hatano(11l), these salts
have a considerable stabilizing effect, the zinc chloride
being particularly superior, Also with the addition of such a
small amount as 0.2 wt%, wmost of the salt in each of the cases
dissolved in the hydrocyanic acid with only a slight noticeable

precipitate.
Table 45 ,Storage test(Part 4)-Effect of heavy wmetal salts,

0) (D # W # 1t (day)
No. 4 i st

' A B C D E F G H ;r.ff’@
ER = 5161 s & 75 76 7 79 ]
26 AW 100 — -0 202 w3 204 208 200
0 HmT 885yl g4 97
8 b=, 89 9 01 93 9 100 103

@ ) K 3.0wt%, il 0.2wty ifilm, 60C.

b) oMt £ 5.

Key: (1) Metal salt[Nos.correspond to those in table,]
25-Cupric chloride
26-Zinc chloride
27-Ferric chloride
28-Nickel chloride
- 19 -



(2) Time lapsed.-

(3) Coupletion of polymerization.
(4) Footnotes: (a) Water 3.0 wt%, metal salt 0.2 wtd,
60°cC.

(b) Color vanishes several times in this interval,

3.3 Effect of Hydrocyanic Acid Related Substances

on Destabilization

Substances which could easily coexist or which
might have the probability of existing with liquid hydrocyanic
acid in storage would include in addition to water, the
hydrolyzed products of hydrocyanic acid such as formawmide
or ammonium formate, the alkaline polyumerized products
such as the tetramer and the blackish-brown polymer, and in
Table 5 are shown the results of storage test at"609C. with swmall
amounts of these related substances added to the hydrocyanic
acid which has already been stabilized by phosphoric acid.
It is seen that all of these substances tend to reduce the
stabilizing effect of the phosphoric acid, the blackish-brown
polyuer particularly having a strong action, followed by |
amuwonium formate, while the actions of formamide and the

tetramer are fairly weak.

- 20 -



Table 5. Storage test(Part 5)-Effect of hydrocyanic acid related

substances.

T W E € day)
No. i  (wt%) @
® A B C D E F ¢ nu o
33 —_— 57 64 68 69
MoEAATIF 0.25 32 37 41 43 47 48 51
5 sraver 050 13 17 2 28 32 3 3
PR Ve
57 nyj?/ YE= 025 02 03 1 1 g3 4 1 13
7 =
58 -/ff/t 0.50 0.2 1 1 2 4 7 17
5w o4k 050 0 2 g
; } ¥ 37
60 Woro it - - 1 323 J?
BE om0 50— g g, 13
@n) A BOWtZ, vk 0.07 Wiy, Goc, ‘

Key: (1) Additive[Nos.correspond to those in table,]

130eeconssncnns
55-Foruamide
56-Formamide
57-Anmonium formate
58-Aumonium formate
59-Tetraner
60-Blackish-brown polymer
61-Blackish-brown polymer

(2) Tiwme lapsed.

(3) Completion of polymerization.

(4) Footnote: (a) VWater 3.0 wt%, mbsmymic acid 0.07 wt%,

60%¢.,
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3.4 Effect of Hydrogen Peroxide and Other Substances

on Hydroecyanic Acid
Since it was found that benzoyl peroxide hindered
the stabilizing action of acid, the experiment shown in
Figure 7 was performed to see whether peroxides had any
direct action on hydrocyanic acid or not. In the diagram,
a swmall pyrex glass container holds 1.0 ml of hydrocyanic
acid and:a small amount of the peroxide, the flask being
immersed in a 30°C constant temperature bath, and changes
in the:.content of the flask were observed with the circulating

cooling device attached.

Figure 7. Device for reaction of small amounts of
hydrocyanic acid.
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As can be seen froum the results in Table 6, hydrogen
peroxide has a strong action on polymerization of hydrocyanic
aclid, particudarly in the gaseous phase or on the container
walls in contact with the gaseous phase. In contrast,
benzoyl peroxide had nd polyumerization action inside of
28 hours.

Table 6. Action of peroxides on hydrocyanic acid.

- S e sy

EITE ] i
oo QX iy wap@ENEEGD e
e e g -
vl T —' e M T
P & Jie o " o “a—) t
u7 U MR AT 0.43 47 u‘:ilhg}y ﬂk{i':@
Y.
et ~ ﬂmﬂj,\-y@) . WL, AR A
V) 20 b wegh (R
. LTI
U-9 Lo WLy 1y Bhr gl Q)
e T .

Key: (1) Vater.
(2) Peroxide.
(3) Time lapse.
(4) Coloration discovered.
(5) Black precipitate discovered.
(6) Rewarks.
(7) Brown solid produced profusely on exposed walls of
container, while liquid phase is colorless.
(8) Experiment terminated at 20 hours.
(9) Experiment terminated at 28 hours.
(10) Hydrogen peroxide.
(11) Benzoyl peroxide.
(12) Footnotes(a) Bath temperature 30°C, boiling point
treatment.
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3.5 Action of Ultraviolet Rays
A quartz glass ampule of about 1.5 wl capacity

was roughly half-filled with anhydrous hydrocyanic acid, sealed,
and then exposed to interumittent radiation from a Tokyo Shibaura
make wercury lamp, type SHL-100 UV, brightness 1500 cd/cmz,
at a distance from the light source of 14 cm., The test showed
that coloration was observed after 23 hours of irradiation, and
the black precipitate was formed after 223 hours. Upon allowing
the ampule to stand at rooum temperature without irradiation,
the_polymerization was observed to progress, attaining
complete polymerization after about a wonth,
4, Discussion

The principal reaction occurring in the polymerization
of standing anhydrous hydrocyanic acid is'almost definitely
alkaline anion polymerization, based on the nature of the
products which are formed in the polymerization. There uwust
therefore exist some destabilizing reaction, prior to occurance
of the polymerization, which tends to make the hydrocyanic
acid alkaline.

In the standing storage tests, a blackish-brown polyumer
has been observed to form on the container walls above the
liquid level once the stable period has past, and generally
coloration of the liquid phase arises from this formation
being washed down from the walls by the condensate of hydrocyanic

acid. On-: one hand, the stable period of hydrocyanic acid,
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which has been acid stabilized, is shortened by the addition

of benzoyl peroxide, but extended by the addition of reducing
agents such as hydroqﬁinone, the aldehydes, or sulfur powder(#5).
Also noting that the addition of hydrogen peroxide rapidly
produdes a blackish-brown solid on the wall at the liquid
line(*6), all this évidence suggests that some foru of

oxidation reaction related to the destabilization(#7) must

be occurring in the gaseous phase or at the walls.

That the blackish-brown polymer generates destabilization
has been proven by Gause et al (3) and Onoda(4), and our
standing storage tests have also indicated that this
substance acts strongly to shorten the stable perlod, more
than any other related substance. This blackish-brown polyumer
tends to emit ammonia and a faint swall of hydrocyanic
acid in air(13), and Onoda has shown thatthe addition of
this substance will shift the hydrocyanic acid towards the
alkaline(4). Wle have further shown in a previous report(i#z)
that the relatively low order dlackish-brown polymers
readily emit ammonia and hydrocyanic acid upon heating or
by the action of water vapor, and that further condensation
takes place.,

The above evidence seeus to show that the blackish-
brown polymer promotes the polymerization of hydrocyanic

acid through the secondary de-ammoniation condensation of
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of the polymer. Thé fact that the tetramer has a weaker action
than the blackish-brown polymer in promoting polymerization
agrees with the fact that the tetramer has a stable conjugate
structure which does not lend itself eésily to de-~ammoniation
condensation,

According to Figure 6, there is a linear relation
between the dosage of phosphoric acid and the days required
for coumplete polyumerization, but in the case of sulfuric
acid, the curve takes a downward trend. The latter phenomenum
can probably be attributed to the fact that further addition
of a strong acid such as sulfuric acid only promotes the:z
production of more ammonium formate through hydrolysis.

It is known(1l4) that hydrochloric acid has a stronger
hydrolytic action than sulfuric acid on hydrocyanic acid,
and the results of a standing test have also shown that
hydrochloric acid has less of a stabilizing effect(#8).

It was originally assumed that the hydrolysis of hydrocyanic
acid was the priwmary cause of a destabilizing reaction, but
from the evidence obtained in this study, polymerization
reactions at the container walls now seem to outweight hydrolysis
as the main source of destabilization. Favorable evidence
includes the fact that formamide and ammonium formate, which
are products of hyrolysis, promote polyumerization less than
the blackish-brown polymer, also the fact that no ammonium
formate was discovered in the ampules which had started to

color in the standing storage tests, and also the fact that
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when a swall amount of polymer was formed by the ultraviolet
irradiation of anhydrous hydrocyanic acid, no further
irradiation was necessary for the polymerization to continue.
There has been some consideration of the existance of the
isonitrile form of hydrocyanic acid to either start the
polymerization reaction or to at least be the cause of
destabilization(13)(4), and there could be some relation

to the previously described wall reaction, however, we

did not pursue this line of investigation.

Once coloration of the liquid phase in the ampules
is observed, the coloring thereafter deepens at an every
increasing pace, which is subsequently followed by the
precipitation of polymers, and the production of the
precipitates is also rapidlyiaccelerated., It was observed
in the first report(6) that the degree of coloration for
several hours following addition of an alkali to the
hydrocyanic acid increased proportional to the tiwme, during
which period the alkalinity of the solution also reumained
constant. The apparent discrepancy between this and the
standing ampule tests is onlyithe result of a great
difference in time scales of the two experiments, that is,
the coloration speed in the first report only represents
the polymerization speed at a.single time point in the

standing ampule tests.
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Iith respect to the rise in internal teuperature
and possible destruction of the awpules in the standing
storage test, considering the fact that neither the
polymers nor! the hydrocyanic acid is explosive, also that
the gas ewmitted during polyumerization is inadequate to
account for internal pressure rise as proven by Aoyama(2),
the heat of polymerization remains the only factor to be
considered. Gause et al(3) have obtained a value of 10.2
kcal/mol for the heat of polymerization under conditions
of very slow polymerization upon adding an alkali, and
we should also include the heat of secondary de-ammoniation
condensation, which was previously reported(*2). The mechanism
fér ultimate accumulation of this heat of polymerization
nust include, in addition to the rapidly increasing alkalinity
resulting from the de-ammoniation condensation, the heat
insulating and convection suppression effects resulting
from the formation of bulky polymer products. The bulkiness
of the polymers is particularly intimately related to the
water content, and this wlll be discussed in detail in a
later report.

Acids are the most sultable stabilizing agents
since they extend the period to coloration of the hydrocyanic
acid enoruwously, but it should be noted that a parallel
relation exists between the stabilizing effect in the case

of weak acids and the acidity in water solution.,
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Although this is to be éxpected from the work by Hatano

et al(11), who determined a parallel relat;onship between
the acidity, the electrical conductivity in hydrocyanic
aclid, and pH reducing actioﬁ for several types of acids,
the standing ampule tests also show that additives such as
p-nitrophenol which has an acidity constant(pKy) almost the
same as that of hydrocyanic acid has almost no stabilizing
effect. Such an effect has been clearly observed only for
additives with pK, less than 5, with a very definite effect
when pK, was less than 3.

The results of the standing tests have showmn that
sulfuric acid and phosphoric acid, which are both in current
use as stabilizers, both have sufficient stabilizing effect,
and that furthermore oxalic acid, hypophosphorous acid, and
phosphorous acid, which have appropriate pK, values and also
a reducing action, would wmake ideal stabilizing agents.

With respect to the use of a combination of an acid and

a reducing agent, the use of sulfur dioxide with sulfuric

acid or phosphoric acid, or of sulfur powder with maleic

acid has been recoummended(4), and the efficiency of using

in combination with a few other reducing substances such as
benzaldehyde has also been noted. The oxy-acids, tartaric
acid, eitric acid, and salicylic acid, siwmilar to the

reducing acids, have been found to have a stronger stabilizing

effect than what wight be expected from the value of pK, alone,
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The reason for this is not clear, but considering the fact
that these acids are only weakly corrosive to metals, special
uses might be found. 1Vlith respect to acid dosage, favorable
results have been reported for dosages in the range of

0.005 to 3 wt%, however, our studies'show that there is
considerable effect even for swall dosages such as 0,007 wt%,
such that the required objective can be achieved actually
with a very smwmall qguantity. In practice, the selection of a
suitable stabilizer and proper dosage umust be judged by

the length of intended storage, the hazards of contamination
by alkalis or polymers, the degree of safety management
desired, corrosion problems, and the effect on the end use
of the hydrocyanic acid, as well as other factors.,

With respect to the effect of heavy'metals, Hatano et al
have showm that effective wetals such as copper, silver, ziﬁc,
and nickel reduce the pH of the hydrocyanic acid and increase
its electrical conductivity, but further details are unknown,
except that it can be surmised that either the metal or some
coupound of the wetal at the surface probably dissolves into
the hydrocyanic acid to produce the stabilizing effect,

Viith respect to the effect of the salts of heavy wetals,
thestabilizing effect is probably due to the proton released
by the formation of cyanacetate in the hydrocyanic acid,
as pointed out by Jander(15).
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Aoyama has reported that the halogen compounds of arsenic,
tetralin, and tin wmaintain thelr stabilizing effect for a
nunber of years, but there has been no follow-up testing
of these results. »

Viith respect to the different types:-of stabilizers
available, there is no need to select a special agent unless
the storage is to be for an extended period, and generally
the selection is based on factors such as the effect on
the intended use of the hydrocyanic acid, or the corrosion
of apparatus.

In conclusion it should be noted that since awmpules
were used in the present experiment, the effect of glass
canhot be neglected. It should also be noted that there
was a large difference in teuwperature between roou
temperature and the 60°C used in the experiwment, and that
a number of probleus probably remain to be resolved before
the results of these experiments can be applied to practice.
However, from the standpoint of ¢ phenomena which would
be.most significant to safety measures for the storage of
liquified hydrocyanic acid, the following could be given:
the addition of stabilizing agents, pH(#9), coloration(#10),
periodic check of stabilizer consumption(#1il), internal

temperature of container, installation of device warning
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of internal piessure rise, training for the emergency
blending or unloading of stabilizing agents, reduction of
storage teumperature, the avoidance of complex-shaped
containers, the cleaning of containers before charging,
and other matters.

(Presented at Sixth Disaster Prevention Seminar,
January 1965.)

The authors thank Y.Ando of this laboratory for his
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